The working hypotheses tested on a natural population of Microcystis sp. in Lake Wannsee (Berlin, Germany) were that (i) the varying abundance of microcystin-producing genotypes versus non-microcystin-producing genotypes is a key factor for microcystin net production and (ii) the occurrence of a gene for microcystin net production is related to colony morphology, particularly colony size. To test these hypotheses, samples were fractionated by colony size with a sieving procedure during the summer of 2000. Each colony size class was analyzed for cell numbers, the proportion of microcystin-producing genotypes, and microcystin concentrations. The smallest size class of Microcystis colonies (<50 m) showed the lowest proportion of microcystinproducing genotypes, the highest proportion of non-microcystin-producing cells, and the lowest microcystin cell quotas (sum of microcystins RR, YR, LR, and WR). In contrast, the larger size classes of Microcystis colonies (>100 m) showed the highest proportion of microcystin-producing genotypes, the lowest proportion of non-microcystin-producing cells, and the highest microcystin cell quotas. The microcystin net production rate was nearly one to one positively related to the population growth rate for the larger colony size classes (>100 m); however, no relationship could be found for the smaller size classes. It was concluded that the variations found in microcystin net production between colony size classes are chiefly due to differences in genotype composition and that the microcystin net production in the lake is mainly influenced by the abundance of the larger (>100-m) microcystin-producing colonies.
The freshwater cyanobacterium Microcystis frequently forms mass developments and surface scums in eutrophic lakes; the majority of these formations contain toxins-the hepatotoxic microcystins. The hazard posed to vertebrates, including humans, and potentially to other eucaryotic animals by these toxins necessitates assessments of their human health and environmental risk potential. Such assessments require not only rapid and reliable methods for analysis of ambient toxin concentrations but also, in particular, tools for understanding factors leading to hazardous levels of toxicity in natural populations and-ultimately-for predicting the development of toxin concentrations in water. An essential basis for these goals is a comprehensive understanding of the regulation of microcystin net production in nature.
Microcystins are members of a peptide family which have the common structure cyclo-(D-Ala-L-X-D-MeAsp-L-Z-Adda-D-Glu-Mdha), where X and Z are variable L amino acids, Adda is 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid, D-MeAsp is 3-methyl-aspartic acid, and Mdha is N-methyldehydroalanine (3). More than 70 structural variants of microcystins are known to date. Microcystins are synthesized by thiotemplate mechanisms like those for other nonribosomal peptides (e.g., antibiotics such as gramicidin and tyrocidin) produced by bacteria and fungi (25) . The large gene cluster encoding peptide synthetases and polyketide synthases for microcystin biosynthesis has a modular structure, each module activating and incorporating specific constituents of the heptapeptide (39) . The mcyA, mcyB, and mcyC genes are responsible for the activation and incorporation of Mdha, DAla, L-X, D-MeAsp, and L-Z during microcystin biosynthesis (6, 27, 39) .
With the elucidation of microcystin biosynthesis, molecular probes have been developed to detect and study the occurrence of microcystin-producing genotypes in a natural population of Microcystis sp. in Lake Wannsee (Berlin, Germany) (22) . Individual colonies were selected under a microscope for identification according to the species key devised by Komárek and Anagnostidis (19) on the basis of morphological criteria and tested for the presence or absence of the mcyB gene. This approach revealed pronounced differences in the proportion of microcystin-producing genotypes between species (hereafter referred to as morphospecies): most colonies (73%) of Microcystis aeruginosa contained the mcyB gene, whereas only 16% of the colonies assigned to M. ichthyoblabe and no colonies of M. wesenbergii showed the mcyB gene. This distribution of microcystin synthesis across morphospecies has also been found by an analysis of isolates (30, 42) . In addition, Kurmayer et al. (22) found a relationship to colony size: 42 to 73% of the large colonies (Ͼ500 m) belonged to the microcystin-producing genotype, compared to only 10 to 15% of the small colonies (Ͻ500 m). Such a difference could be explained by a difference in how breakable colonies of different morphospecies of Microcystis are (7, 32, 42) . It is known that the morphospecies M. aeruginosa generally grows in firm and large colonies (32) . In contrast, colonies of M. flos-aquae and M. ichthyoblabe disintegrate much more readily, e.g., by wave action, resulting in the formation of small colonies (32, 42) , and therefore might be sampled as colonies smaller than those of M. aeruginosa. However, the approach followed by Kurmayer et al. (22) cannot be directly applied for a genetic analysis of the total population in the field, because it is limited to colonies large enough for individual selection and morphospecies determination and also because it is too time intensive for application to a large number of field samples.
The aims of the present study therefore were (i) to develop a quantitative approach suitable for characterizing genotype composition in entire field populations, (ii) to evaluate whether the relationship observed between colony size and occurrence of the mcyB gene for selected large colonies also holds true for the entire field population over the entire range of colony sizes, (iii) to apply this approach for assessing genotype and colony size shifts over time during the course of Microcystis population development, and (iv) to quantify the effect of the proportion of microcystin-producing genotypes on microcystin net production. These questions were addressed by fractionation of the natural Microcystis population according to colony size. Each colony size class was analyzed for cell numbers, the proportion of microcystin-producing genotypes, and microcystin concentrations. To quantify the proportion of microcystin-producing genotypes, the DNA of each size class was subjected to a series of dilutions, and each dilution step was analyzed by PCR for the presence of a control gene and the mcyB gene. It was hypothesized that if a specific size class is composed solely of microcystin-producing genotypes, then it should not be possible to dilute out the mcyB gene at a DNA concentration higher than that for the control gene. In contrast, if the proportion of microcystin-producing genotypes is low, then the mcyB gene should be diluted out of some dilution steps before the control gene.
MATERIALS AND METHODS
Sampling. Sampling was performed in Lake Wannsee from June to September 2000. The lake is shallow (mean depth, 5.5 m; maximum depth, 8.5 m; area, 2.82 km 2 ), polymictic, hypertrophic, and regularly dominated by Microcystis during summer. Sampling was performed weekly and included inorganic nutrients, photosynthetically active radiation, temperature, and total phytoplankton. Water samples were taken at the deepest part of the lake and integrated by collecting 2 liters every meter from the surface to the sediment. On each date, the integrated water samples were transferred from the field to the laboratory; within no more than 2 h, the water was poured gently through sieves. The sieving procedure involved the filtering of 15 to 20 liters of lake water through sieves with mesh sizes of 100 and 50 m. The sieving process was completed within minutes. Colonies larger than 340 m were analyzed separately. Each colony size class was resuspended in 100 ml of GF/C (Whatman, Kent, Great Britain)-filtered lake water, and aliquots of 25 ml were analyzed for Microcystis cell numbers and filtered with GF/C filters for analysis of the proportion of microcystin-producing genotypes (PCR) and for concentration of microcystins (high-pressure liquid chromatography with diode array detection [HPLC-DAD]).
Abiotic parameters. Chemical analyses of soluble reactive phosphorus were carried out according to ISO 6878 (13) . Ammonium and nitrate were analyzed in a commercial laboratory (Labor Jungfernheide, Berlin, Germany) according to DIN 38406-5 (for ammonium) (5) and ISO 10304-1 (for nitrate) (12) . Depth profiles for underwater light were determined by using a spherical Licor sensor (LI-193A; LI-COR Inc., Lincoln, Nebr.). The attenuation coefficient was calculated according to the Lambert-Beers law. Data for global irradiance were measured by the Meteorological Institute (Free University, Berlin, Germany) at a station in Dahlem, Germany, 10 km from Lake Wannsee. The average light dose for a mixed water column was calculated from the global irradiance for the mixed layer as described by Riley (34) with a correction factor of 0.45 for the reflection of the water surface and the share of photosynthetically active radiation of the global irradiance as described by Behrendt and Nixdorf (1) .
Determination of cell numbers and morphospecies. Samples were fixed with Lugol's solution and enumerated with an inverted microscope by the methods of Utermöhl (40) . Colonies of Microcystis were disintegrated by ultrasonication prior to counting (40 impulses per s over 4 min for a 10-ml sample). Pilot experiments with laboratory strains and microscopic counting of cells revealed no lysis of cells with sonication for up to 4 min. At least 400 specimens of Microcystis colonies were counted at a magnification of ϫ400, and the results from at least two transects per sedimentation chamber were averaged. To estimate algal biovolume, 20 randomly selected specimens from dominant phytoplankton species were measured on every sampling date, and the cell volume from the appropriate geometric shape was calculated. The biovolume was then calculated by multiplying the mean cell volume by the cell number (43) . Individual colonies were selected from live plankton net samples (30- (31) . Consequently, in this study, all morphospecies were considered morphological variations of individuals of one population.
DNA extraction. Aliquots of each colony size class were filtered with GF/C filters, and extraction from frozen filters was done by using the protocol of Franche and Damerval (10) . Briefly, filters were cut into pieces and subjected to osmotic shock treatment (0. PCR was used to analyze the presence or absence of two specific gene regions: (i) the intergenic spacer region within the phycocyanin (PC) operon and (ii) the mcyB region, which encodes one step in microcystin biosynthesis (39) . Both gene regions are located on the chromosome (26, 39) , and the hypothesis that plasmids are involved in microcystin synthesis has not been substantiated (2) . PCR amplifications were performed with a volume of 20 l containing 2 l of PCR buffer (Qiagen, VWR International, Vienna, Austria), 1.2 l MgCl 2 (25 mM; Qiagen), 0.6 l of deoxynucleotide triphosphates (10 mM each; MBI Fermentas, St. Leon-Rot, Germany), 1 l of each primer (10 pmol), 0.1 l of Taq DNA polymerase (Qiagen), 13.6 l of sterile Millipore water, and 0.5 l of the sample. The PCR thermal cycling protocol included initial denaturation at 94°C for 3 min, followed by 35 cycles at 94°C for 30 s, annealing at 50°C for 30 s, and elongation at 72°C for 0.5 min. PCR products (4 l of the reaction mixture) were visualized by ethidium bromide staining and by electrophoresis on 1.5% agarose gels in 0.5ϫ Tris-borate-EDTA buffer.
The sequences for the PC primers were designed on the basis of the highly variable intergenic spacer region within the PC operon (26) and showed sufficient specificity for the genus Microcystis (see below). The sequences were as follows: PcMafwd, 5Ј-GGTCTGCGCGAAACCTATGT-3Ј, and PcMarev, 5Ј-GGTCAA CACTTTAGCGGCG-3Ј. The primers had dissociation temperatures of 59.4 and 58.8°C, respectively, and yielded a total amplification fragment of 368 bp. The sequences for the mcyB region were as follows: McyBMafwd1, 5Ј-AATCAACG GTTAGTTGCTTATGT-3Ј, and tox4r, 5Ј-CACTAACCCCTATTTTGGATAC C-3Ј. The primers had dissociation temperatures of 49.7 and 58.9°C, respectively, and yielded a total amplification fragment of 288 bp. According to tests with a number of isolates, no reactions with the corresponding gene regions of other genera of cyanobacteria (e.g., Planktothrix and Aphanizomenon) have been observed for the PC primers or for the mcyB region primers (data not shown). Both primer pairs have been tested for successful amplification of DNAs originating from various isolates from Lake Wannsee (isolates W75, W334, and W368, as reported by Rohrlack et al. [37] ) as well as for type I and type II restriction fragment length polymorphisms (the two most significantly different groups of genotypes reported by Kurmayer et al. [22] ).
Origin, description, and culturing of Microcystis sp. to standardize PCR analysis. The unicellular strains HUB 5-2-4 (microcystin producing) and HUB 5-3 (non-microcystin producing) were isolated from eutrophic Lake Pehlitzsee (Brandenburg, Germany) in 1978 and kindly provided by M. Henning (Hum-788 KURMAYER ET AL. APPL. ENVIRON. MICROBIOL.
boldt University, Berlin, Germany). Both strains were grown in batch cultures in Z medium (44) and harvested during the late logarithmic growth phase. Specificity and sensitivity of the primers. To test the specificity and sensitivity of the primers under natural conditions, 5 ml of a cell concentration of 2.08 ϫ 10 7 HUB 5-2-4 cells ml Ϫ1 (determined by use of Casy 1; Schärfe Systems, Reutlingen, Germany) was filtered with a GF/C filter, and the DNA was extracted as described above. From the extract, five dilutions ranging from 1:10 2 to 1:10 6 of template DNA (equivalent to 10,400 cells to 1.04 cells) were prepared and analyzed by PCR with both primer pairs in the absence or presence of a 1:100 dilution of a natural background. To obtain the natural background, water from Lake Wannsee was filtered on 4 May 2000 through a sieve (25-m mesh size), 300 ml was filtered with a GF/C filter, and the DNA was extracted. The counting of cyanobacteria under an inverted microscope (3.2-ml sedimentation chamber) revealed the dominance of Aphanizomenon spp., Limnothrix spp., Limnothrix redekei, and Planktothrix agardhii with biovolumes of 0.38, 1.95, 1.11, and 1.0 mm 3 liter Ϫ1 , respectively. No cells of Microcystis were found after careful examination of two transects of the counting chamber at a ϫ400 magnification. Both primer pairs showed high specificity and identical sensitivity within the range of 10,400 to 1.04 cells used as template DNA in the absence or presence of the background (Fig. 1) .
Dilution assay. As determined from the numbers of Microcystis cells, the extracts were diluted to a standard DNA concentration equivalent to 200 cells l Ϫ1 . This standard concentration was then diluted up to 1,000-fold through 14 dilution steps (the dilutions were at factors of 2, 6, 10, 14, 20, 25, 33, 50, 100, 200, 300, 400, 500, and 1,000, corresponding to 100, 33, 20, 14, 10, 8, 6, 4, 2, 1, 0.7, 0.5, 0.4, and 0.2 cells, respectively). Each dilution series was analyzed by PCR in the same thermal block of the thermocycler for the presence of the two gene regions (PC and mcyB) simultaneously. All dilution steps yielding a PC product but no mcyB product were considered to represent DNA extracted from non-microcystin-producing cells (genotypes). The number of PCR products (the number of bands on the gel) obtained from the dilution series for mcyB was divided by the number of bands obtained from the dilution series for PC, and a mcyB/PC ratio was calculated. After this step, the sum of non-microcystin-producing cells was calculated from all dilution steps that were negative for mcyB but positive for PC in a given sample. This is a minimum estimate, as dilution steps positive for mcyB will also contain some colonies without the mcyB gene. In relation to the standard DNA concentration (equivalent to 200 cells l Ϫ1 ), the minimum number of cells without the mcyB gene is useful as an additional measure of the proportions of both genotypes. The DNA samples from the size fractionation procedure were analyzed every 2 weeks.
The validity of this approach was first assessed by using two Microcystis strains, HUB 5-2-4 (mcyB ϩ ) and HUB 5-3 (non-mcyB). DNA extracts equivalent to 200 cells l Ϫ1 and originating either from strain HUB 5-2-4 (mcyB ϩ ) or from strain HUB 5-3 (mcyB) were mixed at ratios of 0.1, 1.0, 10, and 100% HUB 5-2-4 and then analyzed by the dilution assay as described above. The total number of PC products obtained by PCR was stable for the full range of the mcyB ϩ strainnon-mcyB strain mixture in the DNA template for three independent measurements ( Fig. 2A) . In contrast, the total number of mcyB products decreased accordingly with the reduction in the proportion of the mcyB ϩ strain in the DNA template. Consequently, the ratio of mcyB/PC products showed a significant linear positive relationship with the percentage of the mcyB ϩ strain in the DNA extract (Fig. 2B ). In addition, there was a 1:1 relationship between the percent-FIG. 1. PCR amplification to test the sensitivity of both primer pairs amplifying the PC internal transcribed spacer region (PC) and a microcystin-specific region (the mcyB gene) (MC) for a microcystinproducing Microcystis sp. strain HUB 5-2-4 dilution series. In addition, the specificity of both primer pairs and the potential impact of a natural background were tested in parallel. The numbers above the lanes refer to template DNA (equivalent to 10,400 to 1.04 cells) in the presence or absence of a natural background from Lake Wannsee. age of non-mcyB cells (estimated from dilution steps yielding a PC product but no mcyB product) and the percentage of the mcyB ϩ strain (Fig. 2C) . Analysis of microcystins. The extracts were analyzed for microcystins by HPLC-DAD with a LiChrosper 100, octyldecyl silane, 5-m LiChroCART 250-4 cartridge system (Merck, Darmstadt, Germany) and a linear gradient of aqueous acetonitrile (with 0.05% [vol/vol] trifluoroacetic acid) starting with 30% (vol/vol) acetonitrile and ending after 42 min with 100% acetonitrile at a flow rate of 1 ml min Ϫ1 (8, 23) . Microcystins were identified by their characteristic absorption spectra (original spectrum and first-order derivative) and retention times (8) and quantified at 240 nm by using microcystin LR (MC-LR) as an external standard (kindly provided by G. A. Codd, University of Dundee, Dundee, United Kingdom). The concentrations of other microcystin variants were determined as concentration equivalents relative to MC-LR. For quantification of cell quotas, methylated microcystins (MC-RR, MC-YR, MC-LR, and MC-WR) were summed, because these variants have been found to be the dominant ones during the analysis of single colonies (9) . As shown by Kurmayer et al. (22) , all methylated variants are produced by one genotype. In addition, in Lake Wannsee, the concentrations of methylated microcystin variants have been shown to correlate with the biovolume of Microcystis, whereas the concentrations of demethylated variants have been found to correlate with the biovolume of Planktothrix (8) .
Statistical analyses and calculation of net production rates. Gene (mcyB/PC) ratios, the proportions of non-microcystin-producing cells, and microcystin cell quotas were statistically compared by using Kruskal-Wallis analysis of variance on ranks. This design is essentially the same as a Mann-Whitney rank sum test, except that more than two groups are compared. When an overall significant difference (P Ͻ 0.01) was found among groups, multiple comparisons between groups were performed by using the Dunn test (P Ͻ 0.01).
To test for the reliability of the sieving procedure, the sum estimated from the colony size fractions for both cell numbers and microcystin concentrations (as a dependent variable) were regressed against the respective amount of the total sample (as an independent variable). The data were log transformed to achieve the assumptions of normal distribution, constant variance, and independence of the residuals.
In order to compare the general relationship of cell growth and division (i.e., biovolume net production) to microcystin net production between colony size classes of Microcystis, net production rates (day Ϫ1 ) were calculated for both parameters by using the relationship r ϭ ln {[(C 2 ϩ 1) ϫ 10 6 ] Ϫ ln [(C 1 ϩ 1) ϫ 10 6 ]}/(t 2 Ϫ t 1 ), where r is the net production rate and C 1 and C 2 are the concentrations of cells or microcystin per volume of water at two consecutive sampling dates (t 1 and t 2 ). This method of calculation is considered useful for comparing the relationship of cell growth and division to microcystin net production between size classes. Since the export or import of cells at the sample location would be measured as net negative or positive growth, the absolute values must be interpreted with caution. The two rates were plotted against each other and tested for significance (P Ͻ 0.01) by using linear regression analysis with the microcystin net production rate as a dependent variable and the growth rate as an independent variable. The term ln [(C ϩ 1) ϫ 10 6 ] was used to include all zero values for microcystin concentrations as well as to achieve a normal distribution and a constant variance. A SigmaStat (version 2.03 for Windows) package was used for all statistical analyses. The linear curves were fitted by using the least-squares approximation of Sigma Plot 2000 (version 6.10).
RESULTS

Ambient abiotic factors.
During the study period, the integrated water temperature was 19.4 Ϯ 1.4 (mean and standard deviation [SD]) (minimum, 17°C; maximum, 22°C). During the entire study period, the level of soluble reactive phosphorus never decreased below 3.6 g liter Ϫ1 (with the limit of determination being 1 g liter Ϫ1 ), and the maximum level was 764 g liter Ϫ1 . On all sampling dates, ammonium nitrogen and/or nitrate nitrogen was present in detectable amounts. However, the attenuation coefficient increased from 0.7 in winter to 3.1 in summer, and the mean daily light intensity for the total water column reached a maximum of 45 mol m Ϫ2 s Ϫ1 in early summer (May and June) and decreased to 10 mol m Ϫ2 s
Ϫ1
afterward. It was concluded that during the study period, phytoplankton was limited by light availability (and potentially by other unknown factors) but not by phosphorus or nitrogen.
Microcystis sp. in Lake Wannsee. Microcystis sp. were found on each sampling date, with a minimum abundance in June (4,800 cells ml Ϫ1 ) and a maximum abundance in August (6.1 ϫ 10 5 cells ml Ϫ1 ). Microcystis spp. dominated the phytoplankton biovolume during August and September. All colony size classes contributed similar proportions to the total Microcystis cell number, with the exception of the largest size class (Ͼ340 m), which contributed only a small fraction to the total cell number (0.6 to 10%) (Fig. 3) . Identification of individual colonies revealed the occurrence of five morphospecies: M. aeruginosa, M. ichthyoblabe, M. flos-aquae, M. botrys, and M. wesenbergii. Counting of 400 randomly selected colonies from live samples on three sampling dates in July 2000 showed a dominance of M. aeruginosa or M. flos-aquae (51%) and M. ichthyoblabe (41%). It was impossible to discriminate between M. aeruginosa and M. flos-aquae for the small colonies (Ͻ100 m) during counting of the colonies under the microscope.
Proportion of microcystin-producing genotypes. In all size classes, the mcyB gene was found during the entire year. However, the mcyB gene was quickly diluted below detection compared to the PC gene in the smallest colony size class (Ͻ50 m) but not in the largest size class (Ͼ340 m) (Fig. 4) . Over the entire study period, the smallest size class (Ͻ50 m) consistently revealed a mcyB/PC ratio of about 0.4 (Fig. 5A) . In contrast, the two larger size classes (Ͼ100 m and Ͼ340 m) consistently showed mcyB/PC ratios close to 1. The difference between the smallest size class and the two larger size classes was highly significant (P Ͻ 0.001) ( Table 1 ). In addition, the smallest size class showed a much higher proportion of nonmicrocystin-producing cells (Fig. 5B) , which differed significantly from the proportion of non-microcystin-producing cells in the two larger size classes (P ϭ 0.002) ( Table 1 ). The size class of 50 to 100 m was intermediate with regard to both parameters and did not differ significantly from either the smaller or the larger size classes. Microcystin cell quotas. Microcystin concentrations and cell densities were determined directly, i.e., in nonfractionated samples, and as a sum of all colony size fractions. The results of both approaches correlated closely for both cell densities [R 2 ϭ 0.95, ln y ϭ 0.934 ϫ ln x ϩ 0.537, P Ͻ 0.001, n ϭ 16] and microcystin concentrations [R 2 ϭ 0.92, ln y ϭ 0.683 ϫ ln x ϩ 2.284, P Ͻ 0.001, n ϭ 13], where y is the sum of the colony size fractions and x is the total amount determined directly. These results indicate that the sieving procedure closely matched the actual situation in the water samples.
Corresponding to the lower proportion of the mcyB gene and the higher proportion of non-microcystin-producing cells found in the two smaller colony size classes (Ͻ100 m) (Fig.  5) , the microcystin cell quotas for these fractions were rather low (Fig. 6) . The difference in cell quotas between the smaller size classes and the two larger size classes (Ͼ100 m and Ͼ340 m) was highly significant (P Ͻ 0.001) ( Table 1 ). The two larger size classes also differed significantly from the total water sample (Table 1 ). On 9 of 16 sampling dates, no microcystins were detected in the smallest size class (Ͻ50 m) by HPLC-DAD, whereas on all sampling dates for the larger size classes (Ͼ100 m), at least one microcystin variant was detected. Averaged over the entire study period, the differences in microcystin cell quotas between the smallest size class (Ͻ50 m) and the two larger size classes (Ͼ100 m and Ͼ340 m) varied by factors of 13-and 33-fold, respectively. Colonies of Ͼ100 m accounted for 83% Ϯ 34% (95% confidence limits) of the total microcystin concentration.
Relationship of cell growth to microcystin net production. The difference in the total number of PCR products for PC and mcyB can be taken as a measure of the proportion of microcystin-producing genotypes in a given amount of DNA. For example, on 4 July 2000, in the size fraction of Ͻ50 m, the mcyB gene was detected in 6 dilution steps, whereas the PC gene was detected in 12 dilution steps (A). Lanes: 1 to 14, dilution steps (with the corresponding cell number estimate given in parentheses); NTC, nontemplate control; M, molecular weight markers, in base pairs.
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The linear regression analysis revealed a significant positive relationship between the growth rate for a colony size fraction and its microcystin net production rate per day for the two larger colony size classes (Ͼ340 m and Ͼ100 m) and also for the total water sample (Fig. 7) . Both significant regression lines had a slope close to 1 and an origin near 0 ( Table 2 ). The coefficient of determination (R 2 ) was highest in the two larger size classes, indicating that 82% (Ͼ340 m) and 77% (Ͼ100 m) of the variability in the microcystin net production rate could be explained by the growth rate of the cells. The relationship was much weaker for colonies of Ͻ100 m, and the slope of the regression line for the smallest size class was 0; for both of the small colony size classes, the relationship between cell growth and microcystin net production was not significant (Table 2) .
DISCUSSION
Effects of the abundance of microcystin-producing genotypes on microcystin net production. Recent limnological field studies addressed the significance of direct environmental influences on microcystin concentrations (14, 20, 28) . Chorus et al. (4) interpreted their data as proposing that the abundance of microcystin producers is the overriding mechanism governing the average cellular microcystin content of a given field population, although genotypes were not differentiated in their study. In the study presented here, we made an effort to quantify the proportions of genotypes with and without the mcyB gene and thus the effects of genetic diversity on microcystin net production in a field population. This approach had two major results. (i) The sample fractions chiefly containing large colonies contained a substantially larger amount of mcyB genes than those chiefly containing small colonies. (ii) The increase or decrease in microcystin concentrations was related nearly 1:1 to the growth rate of the cells originating from the larger colonies (Ͼ100 m). In contrast, the microcystin concentrations in the smaller colony size fractions (Ͻ100 m) were not related to the corresponding change in cell numbers. This result means that the wax and wane of microcystin concentrations can be ascribed to the population development of the larger colonies; in addition, it confirms the working hypothesis that the larger colony size classes (Ͼ100 m) consisted mainly of microcystin-producing genotypes, whereas in the smaller colony size classes (Ͻ100 m), microcystin-producing genotypes were less abundant and cooccurred with a larger number of non-microcystin-producing genotypes.
Direct effects of environmental factors on microcystin net production. The linear regressions between the net rate of growth of Microcystis cells and the net rate of microcystin production implied that microcystin net production is constantly coupled to the increase or decrease in cell numbers throughout the growth cycle. For all significant regression lines a The differences were tested by using Kruskal-Wallis one-way analysis of variance on ranks followed by the Dunn multiple-comparison procedure. Letters a and b indicate subsets whose highest and lowest medians were not significantly different (P Ͼ 0.01). P values (overall significance) for mcyB/PC ratios, non-mcyB cells, and microcystin cell quotas were Ͻ0.001, 0.002, and Ͻ0.001, respectively. ND, not determined; 25% and 75% are percentiles.
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in this study, the slopes were close to 1 and the intercepts were close to 0. These results support the conclusion of Orr and Jones (29) , confirmed by Long et al. (24) (Fig. 4) , that the influence of nutrients and other growth-limiting factors (light, temperature, and so forth) on the net production of microcystin is chiefly indirect, i.e., through their effects on growth and cell division. Nonetheless, the contrary hypothesis-i.e., that the variations in cell quotas between colony size classes in this study could be caused by environmental effects alone-is relevant because larger colonies are known to perform more pronounced vertical migration via buoyancy regulation than smaller colonies and are able to use light more efficiently (11, 41) than smaller colonies. Although the advantage of buoyancy diminishes with the degree of mixing in the water column, this effect of larger colony size is considered significant even in shallow eutrophic lakes (11, 41) . In Lake Wannsee, light is likely to be an important environmental factor having an impact on phytoplankton growth and physiology. Kaebernick et al. (17) showed direct effects of high to low irradiance on the transcription of the mcyB gene, encoding one step in microcystin biosynthesis; however, in their experiments even cells grown under low light continued in the transcription of the mcyB gene. The range of variation in the amount of transcripts in relation to the light dose did not exceed three-to fourfold, corresponding to the general range of variation that has been found for individual strains in the laboratory under different environmental conditions (38) . In contrast to the light-induced changes observed in the laboratory (17), the range of variation observed between size classes in this study reached up to 30-fold. Assuming the influence of light to be the major factor, even small colonies experiencing low-light conditions would be expected to show at least some relationship between microcystin net production and cell growth. It was further proposed that the limitation of Microcystis sp. by more than one factor (light and iron, trace elements, and so forth) might induce more than 10-fold variations in microcystin cell quotas. This possibility cannot be fully excluded, but as the lake is a nonstratified hypertrophic system heavily loaded with sewage treatment plant effluents, a role of limiting factors other than light is unlikely.
Size fractions of Microcystis sp. and interactions with grazers. It is possible that transitions between colony size classes occurred, e.g., by fragmentation of larger colonies during the growth cycle (33) . Consequently, each size class still contained more than one Microcystis genotype, as shown by the PCR results. However, the difference in the proportions of microcystin-producing versus non-microcystin-producing genotypes between size classes was found to be highly significant and also appeared to be rather stable over the season (Fig. 5) . The increase in cell numbers from the beginning of the season to the seasonal maximum was pronounced (128-fold), and small numbers of large M. aeruginosa colonies also were found in the water column during the winter between 1999 and 2000 (22) . Relationships between the net population growth rate (per day) and the net microcystin production rate (per day) for the four colony size fractions of Microcystis in Lake Wannsee. The data include the months of June to September 2000. The curves were fitted by a linear regression calculation with least-squares approximation. Only the solid regression lines were found to be significant. Table 2 shows details of the regression analysis.
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In conclusion, it was proposed that the largest and smallest size categories proliferated more or less separately from each other and that the seasonal maximum of the smallest size class (Ͻ50 m) during the growth season occurs through the growth of the smallest colonies rather than through fragmentation of the larger colonies. The finding that microcystins are mainly produced by larger colonies has important implications for interactions between Microcystis sp. and grazers. Microcystin has been shown to be a strong factor in shaping zooplankton communities (21); however, the role of microcystin as a feeding deterrent is much less important (36) . A number of other factors have been shown to overrule the poisoning effect of microcystin, such as the composition of the mucilage (35) or the size of the colonies. It is known from earlier studies that the size limit for large daphnids (the zooplankton organisms with the highest grazing rates) to feed efficiently on Microcystis sp. is Ͻ100 m (15). Consequently, in Lake Wannsee, the colonies with the lowest microcystin content would be the ones grazed upon by zooplankton. In contrast, larger colonies with the highest microcystin cell quotas would not have a negative impact on Daphnia, as they would not be grazed upon. However, this suggestion does not necessarily mean that Microcystis is not harmful to Daphnia in Lake Wannsee. For example, Jungmann and Benndorf (16) demonstrated a plankton sample from Lake Wannsee to be highly toxic to Daphnia, although microcystins were not detected. In addition, an array of protease inhibitors has been detected in Microcystis sp., e.g., aeruginosin, cyanopeptolin, and microginin (9) . A toxic effect of those compounds in non-microcystin-producing cyanobacteria on Daphnia has been suggested by Kaebernick et al. (18) and might contribute to grazing resistance similar to or even more pronounced than that of microcystin.
Applied aspects. The finding that shifts of microcystin genotype proportions between and within size classes of Microcystis sp. are stable over the growing season might have useful implications for the surveillance of water bodies. This means that for one water body, microcystin concentrations could be inferred from regular cell counts of the total population but only occasional examination of the populations for mean microcystin content. For example, cell counts could be determined on a weekly basis by the authority responsible for surveillance, whereas microcystin analyses could be carried out at substantially longer time intervals, e.g., once at the beginning of the "cyanobacterial season" (or bathing season, depending on the setting and water body use) and once during the cyanobacterial population maximum.
The colony size distributions of microcystin-producing genotypes found in Lake Wannsee in the present study and by Kurmayer et al. (22) were confirmed by the results of a study with Microcystis samples from central European countries (The Netherlands, Germany, Czech Republic, and Austria) (L. ViaOdorika et al., unpublished data); that study showed that 70% of all M. aeruginosa colonies contained microcystins, whereas only Ͻ20% of the colonies of the fragile morphospecies assigned to M. ichthyoblabe were found to produce microcystins. Consequently, the observation that larger colonies of Microcystis are the chief microcystin producers in Lake Wannsee may be more generally valid. 
